In Drosophila pseudoobscura younger chromosomal inversions tend to be found 7 distal to older inversions. By examining phylogenetic series of overlapping 8 inversions for 134 gene arrangements of 13 chromosomes this pattern was 9 extended to five additional Drosophila species. This distinct pattern arose 10 repeatedly and independently in all six species and likely reflects an underlying 11 principle of chromosome evolution. In this study it is illustrated how 12 transmission of distal inversions is always favored in female meiosis when 13 crossing over in homosequential regions of overlapping inversions generates 14 asymmetric dyads. This cytogenetic mechanism for female meiotic drive is 15 described in detail and advanced as an explanation for the distal shift in 16 phylogenetic series of overlapping inversions as well as several better known 17 patterns in the evolution of serially inverted chromosomes. 18 19 20 21 22 23 48 overlapping inversions (figure 1), and would for the next four decades be expanded by 49 Dobzhansky et alia into the Genetics of Natural Populations I-XLIII (Dobzhansky and 50 Sturtevant , 1938; Lewontin, 1981).
INTRODUCTION 24
The study of Drosophila chromosomal inversion polymorphism emerged as model 25 system for evolutionary genetics in the 1930's and played a major role in the Modern Synthesis 26 (Krimbas and Powell, 1992) . Interest in inversions started to wane in the 1960's with the 27 appearance of genetic markers, such as allozymes, that could be more readily applied to many 28 Wright (Provine, 1981) . From this collaboration came the first phylogenetic series of chromosomal inversions that explains the progressive distal shift towards the telomere. I discuss 115 difficulties in extending this mechanism to serially inverted chromosomes and suggest the same 116 mechanism is the cause of other notable patterns in paracentric inversion evolution. The cytogenetics for sixteen Drosophila species in the obscura group have been 120 published. Although most species in this group have extensive inversion polymorphism, only six 121 species had sufficient data (multiple overlapping rearrangements) to allow the construction of 122 phylogenies for overlapping paracentric inversions. Inversion phylogenies are unrooted trees. 123 Incorporating information on arrangement frequency, geographical distribution, and the 124 karyotype of interspecific hybrids, consensus ancestral arrangements (often designated 125 "Standard") are used to polarize inversion phylogenies. Note, arrangements other than the 126 Standard may have been ancestral, as proposed for two chromosomes in D. subobscura and 127 demonstrated with molecular variation for D. pseudoobscura (Krimbas, 1992; Wallace et al., 128 2011). The first gene rearrangement in a phylogenetic series is designated as the "series 129 originating inversion." An inversion's rank in a phylogenetic series was recorded as the minimal 130 number of inversion back steps required to obtain the ancestral arrangement. Species and 131 chromosome information for the 28 phylogenetic series of overlapping inversions used in this 132 paper are listed in table 1 with a sample series illustrated in figure 1 (see supplementary figure 1 133 for dataset from all series) 134 To quantify the distal shift, the cytogenetic location of breakpoints were converted to a 135 numerical value where the centromere position was zero and each successive cytogenetically 136 discernable region is considered one unit distal. Where ambiguity exists for an inversion 137 breakpoint location, the midpoint of the range indicated was taken. To test the distal shift, inversion breakpoint location and size must be adjusted for the 150 position and size of each respective phylogenetic series. Inversion breakpoint locations were 151 therefore expressed as a deviation from the midpoint of the series originating inversion and 152 inversion size was expressed as a deviation from the average inversion size for each phylogenetic 
RESULTS

172
The quantitative analysis of 134 inversions in 28 phylogenetic series on 13 chromosomes 173 from six obscura group species provided strong statistical support of the telomeric progression of 174 sequentially derived inversion breakpoints (figure 2). The regression of proximal inversion 175 breakpoint location on phylogenetic rank yielded a statistically significant regression coefficient 176 (β=10.00, t=4.54, df=1, p< 0.001) (table 2). Distal inversion breakpoint location when 177 regressed on phylogenetic rank was also statistically significant (β=7.07, t=2.98, df=1 p=0.004) 178 (table 3) . Variance components and the occasional statistical significance associated with nested 179 categorical variables (species, element, series) is likely a product of standardization across 180 chromosomes with heterogeneous map resolution and genetic length. Again phylogenetic 181 correction for these tests is both logically and statistically inappropriate as the inversion 182 polymorphism analyzed is unique to and arose independently in each species.
183
The telomeric progression was stronger for the proximal breakpoints than the distal 184 breakpoints (figure 2), suggesting a reduction in size for inversions of high rank (figure 3).
185
However, the slopes of these two regressions do not differ with statistical significance 186 (F1,4=0.37, p=0.496) (table 4), and the apparent trend towards size reduction was not statistically 187 significant (β=-2.93, t=-1.25, df=1 p=0.22) (table 5) . Empirically, the phylogenetic series from 188 just six species provides strong evidence for distal shift but insufficient data to demonstrate the 189 trend toward size reduction with statistical significance. all six species carry inverted gene arrangements, but these inversions tend to be non-overlapping 206 and rarely form phylogenetic series. When SR chromosomes do form phylogenetic series 207 (Muller element A of D. subobscura, element D of D. athabasca), they tend to be smaller series 208 and do not exhibit the distal shift or size reduction. It is likely that the very strong selection on 209 sex ratios and recombination suppression associated with the strong transmission bias of SR 210 chromosomes overwhelms the statistical signal produced the relatively weak force that drives the 211 distal shift.
212
If the distal shift observed for autosomes in these species is just an extreme illustration of 213 some underlying principle common to all paracentric inversion evolution, then a cytogenetic 214 mechanism is required for this pattern. Novitski himself presented a biased mutational model 215 after observing the non-uniform distribution of inversion breakpoints in the phylogenetic series 216 of D. pseudoobscura (Bernstein and Goldschmidt, 1961; Novitski, 1946; Novitski, 1961) . This alone is insufficient to explain the distal shift, size reduction, or variability of inversion 221 abundance (Novitski, 1946) . Below I present an alternative mechanism with well-validated 222 assumptions that addresses all these aspects of inversion polymorphism, and does not invoke the 223 logistically untestable mutational bias assumption.
224
Meiotic Drive Mechanism: In Drosophila, recombination between different gene 225 arrangements is effectively suppressed because crossing over produces acentric and dicentric 226 meiotic products that for mechanical reasons are relegated to the polar body nuclei and never 227 included in the functional egg (Hinton and Lucchesi, 1960; Sturtevant and Beadle, 1936) . Lindsley and Sandler, 1965; Novitski and Sandler, 1956; Zimmering, 1955) . The phenomenon 236 of unequal recovery from asymmetric dyads is known as nonrandom disjunction and is a well-237 known form of female meiotic drive (reviewed in Novitski, 1951; Novitski, 1967) .
238
For any overlapping paracentric inversions that are two steps apart in a phylogenetic figure 3 and 4) . In the latter case, the serially inverted chromosome 252 will drive against the standard arrangement only if the second inversion is distal to the first. 253 Therefore, single crossover events in homosequential regions of any two inversions (overlapping 254 or included, in repulsion or coupling phase) will unequivocally create a bias favoring the 255 inclusion of distal inversions in the functional egg. I propose that it is this intrinsic bias in 256 female meiosis that generates the distal shift in a phylogenetic series of serially inverted 257 chromosomes. This hypothesis also explains the weak tendency towards size reduction as a by- Patterns in Inversion Evolution: It is very encouraging to note that the proposed 297 meiotic drive mechanism bears on several other patterns in inversion polymorphism. To justify 298 experimental investigation and population genetic simulations for this scenario I enumerate some 299 of these observations. The patterns of paracentric inversion variability mentioned in the 300 introduction suggest this form of structural heterozygosity has autocatalytic properties (Bernstein 301 and Goldschmidt, 1961; Novitski, 1961) . The meiotic drive mechanism predicts serial inverted 302 chromosomes, especially distally placed second inversions, have intrinsic advantages in invading 303 a population already segregating for chromosomal rearrangements in the same genomic region.
304
And although this advantage does not hold for advanced stages in the phylogenetic series, the 305 approach to complete recombination suppression by favoring inversions in later stages has the 306 second order effect of reducing genetic load due to this particular form of meiotic drive (Crow 307 and Kimura, 1970).
308
In considering just three consecutive steps of a phylogenetic series (ancestral, offers an equally viable alternative. The drive mechanism predicts, even with uniform 319 distribution of spontaneous inversion breakpoints, that the inversions with greatest overlap and 320 thus greatest opportunity for nonrandom disjunction, would invade natural populations. The 321 clumped distribution of observed breakpoints would therefore be the result of biases during the 322 establishment phase of inversion not from any spontaneous mutational bias.
323
Rates of spontaneous chromosomal inversion, and any biases thereof, are outside the 324 scope of reasonable experimental investigation (cf. Yamaguchi and Mukai, 1974 for an 325 unreasonable attempt). As a consequence it is unclear how to practically differentiate alternative 326 theories of chromosome evolution based solely on patterns of natural inversion polymorphism.
327
The meiotic drive theory of paracentric inversion evolution introduced here has the potential to 328 explain with a single mechanism a number of different chromosome patterns that were 329 previously thought to be unrelated. Furthermore, the meiotic drive theory is based on a 330 cytogenetic mechanism that is amenable to direct experimentation, thereby conferring a high 331 degree of testability to this model of chromosome evolution. 
